Background: Thromboelastography (TEG 5000 and 6s Thrombelastograph Hemostasis Analyzer; Haemonetics) is a point-of-care system designed to monitor and analyze the entire coagulation process in real time. TEG-guided therapy has been shown to be valuable in a variety of surgical settings.
| INTRODUC TI ON
Timely recognition and treatment of coagulopathy is crucial in preventing uncontrollable bleeding. 1 However, standard coagulation tests cannot provide the required differential diagnosis of trauma-induced coagulopathy or massive intraoperative blood loss. 2 Because of the time required to conduct these assays in most trauma centers (~45 minutes), there are also limitations to their application in a trauma setting. 3 Perioperative monitoring is essential for accurate understanding of the potential coagulopathic causes of hemorrhage and for prompt guidance of hemostatic therapies.
Thromboelastography (TEG 5000 and 6s Thrombelastograph Hemostasis Analyzer; Haemonetics) is a method used for viscoelastic point-of-care detection, management, and monitoring of clot formation and hemostasis. 1, 3, 4 TEG is designed to monitor and analyze blood coagulation in real time, and provides a graphical representation of the kinetics of clot formation. 5 In contrast to those of standard coagulation tests, the results of viscoelastic testing are based on the entire coagulation process, and some parameters can be obtained more rapidly (within 10 minutes). 3, 6 Viscoelastic testing is a rapid, reliable technique that can be used to guide hemostatic therapy in bleeding patients, enabling individualized therapy by targeting the actual deficiencies of each patient.
Guided hemostatic therapy can be of critical value in situations of high blood loss, such as major surgery (eg, cardiac surgery and liver transplantation), or in emergency control of bleeding due to trauma or postpartum hemorrhage (PPH). 1, 4, [7] [8] [9] [10] [11] [12] [13] Perioperative bleeding management guidelines recommend intervention algorithms based on viscoelastic coagulation monitoring, and highlight the predictive value of TEG results, particularly in an emergency setting. [14] [15] [16] [17] However, there is no agreed, standardized algorithm for TEG-guided hemostatic therapy.
In a systematic review, viscoelastic coagulation monitoring was found to be less expensive and more effective than standard coagulation tests in both cardiac surgery patients and trauma patients. 18 In addition, the results from a systematic review with meta-analysis and trial sequential analysis of TEG and rotational thromboelastometry (ROTEM) indicated that transfusion strategies guided by viscoelastic testing may reduce the utilization of blood product transfusion in patients with bleeding. 19 However, there is a limited number of highquality randomized controlled trials (RCTs), and those available have used a variety of algorithms, making it difficult to assess the impact of TEG across these studies. Additionally, although there have been some published meta-analyses regarding viscoelastic coagulation monitoring, few have specifically focused on the effects of TEGguided transfusion. 16, 18, 20 Here, we report a systematic review and analysis evaluating the available data for TEG-guided hemostatic therapy in patients undergoing surgery or massive transfusion, as compared with that guided by standard coagulation tests, with particular focus on allogeneic blood product transfusion and patient outcomes.
| ME THODS
This article adheres to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. 21 
| Systematic literature review
A systematic literature search of MEDLINE (PubMed) and EMBASE up until January 2018 was conducted to identify original, Englishlanguage articles that used TEG vs controls in a perioperative setting.
The predefined search string utilized for MEDLINE was ((thromboelastography OR TEG OR viscoelastic) AND (surgery OR surgical OR perioperative) AND (transfusion OR haemosta* OR "blood management" OR hemorrhage)). The predefined search string utilized for EMBASE was ((thromboelastography OR TEG OR viscoelastic) AND (surgery OR surgical OR perioperative) AND (transfusion OR haemosta* OR "blood management" OR hemorrhage)) NOT MEDL(YES).
The asterisk denotes a wildcard used to capture all words starting with 'haemosta'.
The titles and abstracts of the identified articles were screened by the use of predefined inclusion and exclusion criteria. Inclusion criteria were as follows: RCTs, full original articles, English-language articles, human subjects, and a perioperative setting. Exclusion criteria were as follows: review papers, conference abstracts or proceedings, opinion pieces, guidelines, meta-analyses, systematic reviews, editorials, commentaries, case reports/cases series, articles not reporting original data, retracted papers, animal models, in vitro or ex vivo studies, healthy volunteers, and ROTEM or other devices. • This systematic review and analysis specifically evaluated the effects of TEG-guided therapy.
• TEG-guided therapy can improve blood product utilization and enhance resource management.
• Use of TEG improved key patient outcomes, including bleed rate, length of stay and mortality.
A second screen was undertaken with the same inclusion/exclusion criteria to review the full texts of the publications. Data were then extracted from identified RCTs that evaluated clinical outcomes of TEG-guided hemostatic therapy as compared with that guided by standard coagulation tests. The study subjects, authors, methods and time periods for each article were examined in order to avoid inclusion of redundant data from multiple reports.
In addition, we used the systematic literature review to identify relevant prospective, observational, controlled studies. As these are not RCTs, they were not included in the main analysis, but were used to inform a narrative review of the available literature. data were forthcoming, additional data were obtained from selected meta-analyses, where possible. 18, 19 The risk of bias was assessed in included studies by use of the Cochrane Collaboration tool for assessment of risk of bias. 22 Meta-analysis methods were used to pool the results from the different studies in the elective surgery setting to give a single estimate of the differences in outcome between treatments. All analyses were performed with the DerSimonian-Laird random-effects method, regardless of the amount of heterogeneity between studies. The amount of heterogeneity between studies was assessed on the basis of the significance of the between-study heterogeneity, and also on the size of the I 2 value (>50%). 23 Treatment differences for continuous outcomes are given in the form of a standardized mean difference (SMD)/mean difference, and the relative risk (RR) is reported for binary outcomes. Corresponding confidence intervals (CIs) are reported with all treatment effects, along with P values indicating the significance of the difference between the TEG group and the control group. For evaluation of outcomes in the emergency setting study, differences in categorical outcomes between study arms were assessed with the χ 2 test, and differences in continuous outcomes were assessed with the unpaired t test.
| Data extraction and statistical analysis
In order to accommodate the differences in how the results for continuous outcomes were reported between studies in the elective surgery setting, the analysis was performed by calculating the SMD between groups, rather than the raw difference. This provides the differences in outcome between groups in terms of the number of standard deviations (SDs) difference. The pooled outcomes for binary outcomes were expressed as an RR. Some studies presented continuous outcomes as only the median and interquartile range (IQR)/data range, whereas the data analysis required mean and SD values. When the summary statistics suggested that an underlying normal distribution was a reasonable assumption, these figures were converted to the mean and SD. In such instances, the mean value was assumed to be equivalent to the median, and the SD was assumed to be equal to either a quarter of the data range, or 0.74 times the width of the IQR. When the summary statistics suggested that an underlying normal distribution was not a reasonable assumption, no conversion to mean and SD was possible, and the data from those studies were excluded from the analysis. For the additional outcomes analyzed from the emergency setting study, only summary data were available.
For the categorical outcomes, only the percentage of patients in whom the outcome occurred was reported, and these data were converted to patient numbers.
| RE SULTS

| Results of the search
The search identified 1860 articles, with 35 passing the title and abstract screen ( Figure 1 ). After a full-text review, 11 met the predefined inclusion/exclusion criteria for the meta-analysis. One of these studies was excluded from the analysis on the basis of the study design, owing to the sole use of TEG Platelet Mapping to guide treatment. 24 Only one RCT conducted in an emergency setting was identified 9 ; it was decided to include this in a separate emergency setting study evaluation. This resulted in nine studies being identified for inclusion in the elective surgery study meta-analysis, and a single RCT for the emergency setting study evaluation. Thirty-nine relevant prospective, observational, controlled studies were identified by the search to inform a narrative review.
| Analysis of the RCTs
| Included studies
A total of nine published RCTs 4,10-12,25-29 conducted in an elective surgery setting were included in the meta-analysis ( Table 1 ). The population size varied from 28 patients to 224 patients, and there were only two types of surgery reported: cardiac surgery (7/9, 78%), 10-12,25-27,29 and liver surgery (2/9, 22%). 4, 28 The majority of studies (7/9, 78%) [10] [11] [12] 25, 26, 28, 29 utilized both standard coagulation tests and clinical judgment as controls. The most common reason for study exclusion from outcome analyses was unavailability of the mean/SD. Among those studies providing details of the TEGbased intervention transfusion algorithm employed, a variety of parameters were used to guide treatment (Table S1 ). One RCT conducted in an emergency setting was included in a separate analysis.
| Risk of bias in the included studies
The overall methodologic quality of the studies was low to moderate ( Figure 2 ). Among the nine elective surgery RCTs and the one RCT conducted in an emergency setting, an overall low risk of bias was identified for one study (9.1%). 12 Random sequence generation was adequately reported in four studies (36.4%), 4, 9, 10, 12 and allocation concealment was adequately reported in four studies (36.4%). [10] [11] [12] 26 Blinding of group allocation was reported by four studies (36.4%), 4, 12, 25, 29 complete outcome data were provided by eight studies (81.2%), [9] [10] [11] [12] 25, 26, 28, 29 and non-selective reporting was reported by nine studies. 4, [9] [10] [11] [12] 25, 26, 28, 29 No other concerns about bias were identified for five studies (45.5%). 4,9,12,26,28
| Elective surgery studies analysis
| Effects of intervention on primary outcomes
As shown in Figure 3 , the SMD (95% CI) showed statistically significant reductions in platelet transfusion (P = 0.004), plasma transfusion (P < 0.001), OR LoS (P = 0.005) and ICU LoS (P = 0.04) in the TEG group vs the control group. RBC transfusion was reduced in the TEG group vs the control group, but the difference did not reach statistical significance (P = 0.14).
Surgical reintervention rates were not reduced with TEG-guided transfusion (P = 0.83). There was relatively little heterogeneity between the different studies for all primary outcomes; all tests of heterogeneity gave non-significant results, and the I 2 values were <50%.
| Effects of intervention on secondary outcomes
A statistically significant effect of TEG-guided transfusion vs control was shown for reduction in bleeding rate (P = 0.002) ( Figure S1 ).
Cryoprecipitate transfusion, total LoS and complications were 
| Emergency setting study evaluation
| Effects of intervention on primary outcomes
Similar levels of RBC transfusion in the TEG group and in the control group were reported in the emergency setting study at all time points examined (Table 2 ). In the TEG group, significant reductions were shown for the volumes of plasma (P = 0.02) and platelets (P = 0.04) transfused at 2 hours and for the volume of plasma transfused at 4 hours (P = 0.044) vs the control group. There was also a significant increase in ICU-free days (P = 0.09) for the TEG group vs the control group. This study did not provide data on OR LoS or surgical intervention.
| Effects of intervention on secondary outcomes
Lower rates of mortality within the first 6 hours from emergency department arrival (P = 0.032) and a greater probability of survival at 28 days (log-rank, P = 0.032; and Wilcoxon, P = 0.027) in the TEG group than in the control group were reported. 9 The volume of cryoprecipitate transfused was comparable between the groups.
The results from our analysis showed that, whereas rates of mortality were reduced in the TEG group vs the control group (19.6% vs 36.4%; P = 0.049), rates of complications were higher in the TEG group than in the control group (P = 0.06) ( Table 2) , probably because of survival bias.
| Analysis of the effects of intervention on additional outcomes
The results of the analysis for the additional emergency setting study outcomes are summarized in Table 3 . A smaller proportion of patients received >2 units of plasma in the first 4 hours (P = 0.07) in the TEG group than in the control group. The proportion of patients receiving >2 units of RBCs during the 0-2-hour period was also smaller in the TEG group than in the control group, but this difference did not reach statistical significance. The number of ventilator-free days was higher in the TEG group than in the control group; however, the difference was not significant (P = 0.10). In an analysis excluding patients who died within 48 hours, which was performed to compensate for survival bias, rates of kidney dysfunction and infection were lower in the TEG group than in the control group (P = 0.16 and P = 0.14, respectively). Additional parameters were also compared between groups, with no statistically significant differences being found (Table 3 ).
| Prospective observational studies narrative
Thirty-nine relevant prospective, observational, controlled studies were identified by the search. The available outcome data reported in these studies are summarized below. Overall, in the elective surgery setting, reduced transfusion of allogeneic blood products was found when TEG-guided therapy was employed. In the emergency setting, a trend towards a reduction in the use of transfused blood products was also reported, alongside a decrease in blood loss.
Two identified prospective studies performed in a cardiovascular surgery setting reported that TEG-guided coagulation management reduced the use of transfusion of allogeneic blood products. 30 Both studies demonstrated a significant reduction in overall transfusion. 30, 31 One of these studies showed a significant reduction in the use of platelet transfusion, 30 and the other showed a significant reduction in the transfusion rates of RBCs, plasma, and any allogeneic blood product. of allogeneic blood products. 32 The results demonstrated significant reductions in the number of units of RBCs and plasma transfused, but not in the mean total number of units of allogeneic blood products (TEG group, 67.9; control group, 71.4); a decrease in the total volume of blood products transfused was also noted. 32 One identified study performed in a trauma setting showed that TEG-guided therapy improved outcomes, and also reported a trend towards reduced use of allogeneic blood products. 33 Mortality was also lower in the TEG group, but this was attributed, in part, to different baseline injury severity scores. In contrast, a separate study reported that none of the TEG variables was an independent predictor of massive transfusion or mortality. 34 One study in a PPH setting was identified, and showed that TEG-guided therapy reduced blood loss;
blood loss (>2000 mL) and mean total blood loss occurred in a significantly lower percentage of patients. 13 Further studies in a PPH setting are crucial, and, although recent guidelines do not recommend the use of viscoelastic hemostatic assays to predict PPH, they have highlighted their usefulness in major obstetric bleeding when used in conjunction with an agreed algorithm to guide blood transfusion. 16, 18 
| D ISCUSS I ON
This systematic review and analysis indicates that TEG-guided hemostatic therapy reduces the transfusion of certain allogeneic blood products and improves many, but not all, patient outcomes (as detailed in the Results section). Reduced use of allogeneic blood products, resulting from more accurate guidance regarding patient requirements, may lead to reduced risks of complications that have been shown to be independently associated with transfusion, and also a reduction in the costs associated with blood product use. [35] [36] [37] Although performed on a limited number of studies, our meta-analysis in elective surgery and our evaluation of data from an emergency setting suggest that TEG-guided transfusion reduced the use of allogeneic blood products.
Among the nine elective surgery studies analyzed, statistically significant reductions were demonstrated for the volumes of platelets and plasma transfused, and favorable trends were observed for RBC and cryoprecipitate transfusion. Typically, the primary outcome of elective surgery studies evaluating the use of TEG is a reduction in blood product use. In contrast, the primary outcome of emergency setting studies is typically reduction in mortality, which the single RCT in this setting identified.
In agreement with our results, three previous meta-analyses of RCTs that included TEG showed that TEG-guided transfusion significantly reduced the use of allogeneic blood products. 18, 19, 38 They reported that viscoelastic-guided transfusion led to a significant reduction in the proportion of patients transfused with platelets and/ or RBCs, 19 a significant reduction in transfusion of platelets, plasma, and RBCs, 18 study performed in a liver surgery setting. [30] [31] [32] Although the data available for emergency settings are limited, two studies also reported a trend towards reduced use of allogeneic blood products and a smaller proportion of patients requiring plasma and platelet transfusion. 13, 33 Our analysis also demonstrated that TEG-guided transfusion significantly improved other outcomes in an elective surgery setting.
Statistically significant reductions were demonstrated for bleeding rate, and OR and ICU LoS, and positive trends were observed for total LoS and lower rates of complications. In agreement with our results, one previous meta-analysis of RCTs showed that TEG-guided transfusion reduced bleeding in patients requiring massive transfusion. 38 Furthermore, three prospective observational cardiovascular surgery studies reported that TEG data were accurate in predicting bleeding, 39, 40 including detection of abnormalities after protamine administration when conventional test results were normal. 41 Two prospective observational studies performed in a trauma setting also showed an overall trend in favor of TEG-guided treatment in predicting and diagnosing early trauma coagulopathy and the need for transfusion. 42, 43 Although high-quality prospective studies are limited, our results reporting a decrease in ICU LoS are supported by findings from a retrospective analysis among trauma patients. This article reported that employing TEG-guided trauma resuscitation led to a significantly shorter ICU LoS, which corresponded to savings of $24 500 to $33 062. 44 However, a previous meta-analysis reported that, because of the limited data available, improvements in clinical outcomes such as hospital LoS were not supported. 18 In addition, a separate meta-analysis also showed no significant impact of employing a TEG/ROTEM-based algorithm on total hospital LoS or ICU LoS. 38 The authors highlighted that the majority of studies included were focused on reduction of blood loss or transfusion rather than hospital/ICU LoS. In contrast, our meta-analysis is the first to identify a significant impact of TEG-guided transfusion on OR LoS and ICU LoS in an elective surgery setting. Further studies will be needed to confirm these exploratory findings.
The only RCT in the emergency setting evaluation reported a reduction in mortality rates, and the recently published British Society for Haematology guidelines recommend that viscoelastic hemostatic assays, particularly TEG, may reduce mortality and overall transfusion exposure. 16 When we analyzed other outcomes, that is, mortality and surgical reintervention, in an elective surgery setting, our results did not show that TEG-guided transfusion led to improvements. These results are in agreement with three previous meta-analyses of RCTs, which also did not identify improvements in rates of mortality and/ or surgical reintervention. 18, 19, 38 A separate meta-analysis reported that the limited data available did not support improvements in mortality and surgical reintervention. 18 These results are not surprising when we consider that rates of both mortality and surgical reintervention can be influenced by factors unrelated to TEG-guided transfusion, such as the age and health of the subject. [45] [46] [47] For this reason, we did not elect to include mortality or surgical reintervention as primary outcomes in the elective surgery assessment.
A more recent meta-analysis did evaluate a reduction in all-cause mortality as the primary outcome, using pooled results from three trials. 48 In addition, a recent systematic review and meta-analysis also used all-cause mortality as a primary outcome for data extraction. 49 In line with both our analysis and previous meta-analyses, more recent analyses did not show that TEG-guided transfusion affected mortality in an elective surgery setting. 48, 49 In summary, this analysis demonstrates that the use of TEG to guide hemostatic therapy in the perioperative setting can reduce of TEG-guided transfusion in both an elective surgery setting and an emergency setting. However, to fully assess the benefit of TEG across studies, a standardized algorithm is required for use in highquality studies and RCTs, particularly in the emergency setting.
